Cultivating resistant varieties of potato is the most effective and environmentally safe method of protecting against pests and diseases that affect potato crops. Therefore, potato breeding is focused on developing more resistant varieties so that the use of plant health products can be reduced during the cultivation cycle. Resis tance to late blight, viruses and nematodes is the most important agricultural requirement. The use of molecular markers allows for the effective selection of resistant genotypes at early stages of breeding. However, the im pact of early selection for resistance on the agronomic value of the final selected clones is a cause of concern for breeders. This study investigates the relationship between the presence of the combined resistance genes H1, Ry-f sto and Rpi-phu1, which confer resistance to nematodes, potato virus Y and late blight, respectively, and certain agricultural traits. The agronomic performance of most clones with and without the identified re sistance genes was similar in terms of tuber yield, tuber size, tuber shape regularity, eye depth and tuber defect intensity. Some combinations with Ry-f sto may produce higher yields but may also be associated with more tuber defects. No negative relationships were observed between the combined resistance genes H1 + Ry-f sto + Rpi-phu1 and potato quality.
Introduction
Potato (Solanum tuberosum L.) is among the most impor tant food crops worldwide, which also include wheat, maize and rice. Potatoes are consumed in many different forms, including as chips, French fries and other food products. Potatoes are also used for the industrial production of starch and alcohol and the production of animal feed. Unfortunate ly, potatoes are also the target of many pests and diseases caused by bacteria, fungi, viruses or mycoplasmas. Among the biotic stresses of potato, late blight, viruses and nema todes are the most devastating. In addition to causing yield losses, these pathogens can also cause tuber defects, which can render the tubers unsalable. Late blight, which is caused by the oomycete Phytophthora infestans, is generally the most important disease wherever potatoes are grown and may suppress up to 40 to 50% of the attainable yield (Shtienberg et al. 1990) . P. infestans can also cause necrosis on tubers, which promotes the growth of other pathogens and leads to rotting of tubers in storage. Among the many viruses that infect potatoes, potato virus Y (PVY) is current ly the most concerning virus, and it causes losses of up to 80% (Van der Zaag 1987) . Moreover, isolates of PVY in duce severe necrosis on tubers. In the case of nematodes, Globodera spp. causes a yield losses of up to 50% (Nicol et al. 2011) .
Many resistance genes have been obtained from wild Solanum species and have been introduced into subsequent breeding programs. Among these genes, the Ry-f sto gene confers extreme resistance to PVY and originates from the wild potato species Solanum stoloniferum (Flis et al. 2005) . The most frequently used source of resistance against nema todes is S. tuberosum ssp. andigena, in which the H1 gene for resistance to pathotypes Ro1 and Ro4 of Globodera rostochiensis was identified (Ellenby 1952) . The sources of resistance to late blight have been identified in many Solanum species, and S. demissum is the most common source. However, resistance controlled by the part of R genes from this species is easily overcome by new patho types of P. infestans (Allefs et al. 2005) . A new promising source of resistance to late blight has been recently identi fied in S. phureja, in which the Rpi-phu1 gene was identified (Śliwka et al. 2006) .
Molecular markers linked to the loci of interest can be used in potato breeding for the selection of resistant markers 57R, GP122 and phu6, which are linked to H1, Ry-f sto and Rpi-phu1, respectively. Total genomic DNA was extracted from leaves using the GenElute Plant Genomic DNA Miniprep Kit (SigmaAldrich, St. Louis, MO, USA). The PCR amplification of markers 57R, GP122 and phu6 was performed according to the methods of FinkersTomczak et al. (2011 ), Witek et al. (2006 and Śliwka et al. (2013) , respectively.
Screening for agronomic traits
The plant material was grown in the field experiment to the 2 nd and 3 rd clonal generations in 2014 and 2015 (progeny III) or to the 2 nd , 3 rd and 4 th clonal generations in 2012 and 2014 . The experimental fields were located in a central region of Poland in Młochów. The ex perimental fields were free from Globodera spp. Full chem ical protection against P. infestans and potato beetle was used. Chemical protection against aphids was not applied, but infestation of plants with viruses was not observed. The clones were grown in 7hill plots that were planted at the end of April and harvested in mid-September. Each clone was planted in duplicate (2 × 7hill plots). The following agronomic traits were evaluated: tuber yield (kg per plant), tuber size, tuber shape regularity and eye depth, which were assessed according to a 9grade scale (9 = the largest size, the most regular shape or the shallowest eyes), and tuber defects, which were assessed using a 4grade scale (1 = high intensity of important defects, such as sprouting, stolons or secondary growth; 2 = low intensity of important defects or less important defects, such as cracked skin and/or fat skin and/or skin with symptoms of diseases (i.e., scab or black speck); 3 = few minor defects; 4 = no defects).
Statistical analyses
The mean values of groups of clones with and without one, two or three markers of resistance genes were com pared using an ANOVA and Tukey's multiple range test or the Kruskal-Wallis test (in the case of nonparametric data for tuber defects). All of the statistical analyses were per formed with the STATISTICA data analysis software sys tem, version 10 (www.statsoft.com).
Results

Gene identification
The number of clones with the identified resistance genes, confirmed by the amplification of the linked markers in the tested progenies is presented in Table 2 . Marker 57R was amplified for 64 out of 125 tested genotypes. Marker GP122 was amplified for 79 out of 157 tested genotypes. A total of 208 progeny genotypes were evaluated for the pres ence of the marker phu6, which is linked to Rpi-phu1. This marker was amplified for 102 tested genotypes.
Agronomic trait assessment
The mean values of the agronomic traits of evaluated genotypes. Markers 57R, GP122 and phu6 have been demonstrated as suitable for the selection of clones with genes H1, Ry-f sto and Rpi-phu1, respectively (Flis et al. 2005 , Milczarek et al. 2014 , Śliwka et al. 2013 . Instead of pheno typic evaluation, DNA markers can be used in the selection of resistant clones in early generations. Screening for resis tance in early clonal generations is a cost-effective and effi cient method of reducing the time required to create a new variety (Slater et al. 2013) . However, this approach raises question about the impact of early selection for resistance on the agronomic value of the final resistant individuals. The use of resistance genes from wild species is typically accompanied by the introduction of unfavorable traits or low quality traits. Although such adverse features are typically removed during prebreeding and breeding, unfavorable correlations still occur in the potato germplasm. For exam ple, the resistance to late blight derived from S. demissum is associated with lateness (Beketova et al. 2006) . The cultivation of resistant cultivars is considered the most economically effective and environmentally safe method of potato crop protection, and understanding the re lationships between the resistance that is introduced into varieties and the quality of the observed traits is crucial for breeding new outstanding cultivars. This relationship is es pecially important as a guide for selection in early genera tions via the use of molecular markers linked to resistance genes. Furthermore, if the cultivar is bred to include com bined resistance, then the relationship between the accumu lated genes for various resistances and the agronomical characteristics must be assessed. The aim of this work was to determine the relationship between the presence of Rpiphu1, Ry-f sto and H1 genes and the level of potato agronom ical characteristics.
Materials and Methods
Plant materials
A total of 208 selections from 3 crosses of the breeding program performed at the Młochów Research Centre were screened using markers of the resistance genes present in their parents (Table 1) . Clones were also evaluated for agro nomic traits (yield, tuber appearance and general plant health) in field experiments.
Diagnostic PCR marker assays
The tested clones were evaluated for the presence of progenies are presented in Table 3 . The mean values and ranges for the evaluated traits of the clones with and without the identified resistance genes are presented in Tables 4-6 . Clones from the progeny II that only included gene Ry-f sto or with the combinations of genes Ry-f sto and Rpiphu1 and the clones with the combination of genes H1 and Ry-f sto from progeny III had higher yield than clones without identified resistance genes (Tables 5, 6 ). All other clones with identified resistance genes presented yields similar to those of the clones without identified resistant genes (Tables 4-6 ). 1.0 ± 0.5 4.7 ± 1.9 6.0 ± 0.6 5.2 ± 1.9 3.2 ± 1.0 II PS 1761 × 04IX21 1.2 ± 0.6 4.5 ± 1.6 6.1 ± 0.6 5.5 ± 1.3 2.8 ± 1.1 III TG 97403 × PS 1763 1.1 ± 0.4 5.2 ± 1.2 6.3 ± 0.7 6.3 ± 0.7 3.9 ± 0.4 a Ninegrade scale (9 = the largest size, the most regular shape, the shallowest eyes); b Fourgrade scale (1 = high intensity of serious defects, 4 = no defects). 5.0 ± 1.2 a 6.5 ± 0.8 AB 6.5 ± 0.6 A 3.9 ± 0.4 A Ry-f sto 1.06 ± 0.46 BCD 5.2 ± 1.1 A 5.9 ± 0.7 B 6.0 ± 0.8 A 3.8 ± 0.7 A Rpi-phu1 0.94 ± 0.37 BCD 4.8 ± 1.0 A 6.4 ± 0.5 ab 6.5 ± 0.4 A 3.9 ± 0.5 A H1 + Ry-f sto 1.26 ± 0.46 AB 5.2 ± 1.3 A 6.2 ± 0.7 AB 6.1 ± 0.7 A 3.8 ± 0.5 A H1 + Rpi-phu1 0.78 ± 0.33 D 5.0 ± 1.3 A 6.8 ± 0.6 A 6.6 ± 0.5 A 3.9 ± 0.5 A Ry-f sto + Rpi-phu1
1.54 ± 0.40 A 5.5 ± 0.9 A 6.1 ± 0.5 ab 6.1 ± 0.6 A 4.0 ± 0.0 A H1 + Ry-f sto + Rpi-phu1
1.16 ± 0.32 ABC 5.4 ± 1.3 A 6.3 ± 0.7 ab 6.2 ± 0.7 A 3.9 ± 0.4 A none 0.88 ± 0.27 CD 5.3 ± 1.3 A 6.4 ± 0.8 AB 6.4 ± 0.6 A 4.
See the footnotes to Tables 3 and 4. does not occur between the presence of the combined resis tance genes and agronomical characteristics within the tested groups of clones. The agronomic performance of almost all of the clones with the identified resistance genes was similar to that of the clones without resistance genes with regard to the tuber yield, tuber size, regularity of tuber shape, eye depth and tuber defect intensity. Clones from the progeny II with the single gene Ry-f sto or with the genes Ry-f sto + Rpiphu1 and the clones with the genes H1 + Ry-f sto from proge ny III had higher yields than clones without identified resistance genes. However, this finding was not observed for the clones with the single gene Ry-f sto or with the genes H1 + Ry-f sto + Rpi-phu1 from progeny III. Clones from cross II with the single gene Ry-f sto exhibited more tuber defects than the clones without identified resistant genes, but this finding was not observed for the clones with the single gene Ry-f sto from cross III or for the clones with combinations of genes Ry-f sto + H1, Ry-f sto + Rpi-phu1 and Ry-f sto + H1 + Rpi-phu1 from crosses II and III. It is known that combining ability is an important factor in potato breeding (Gopal 1998) ; thus, these relationships appear to be related to the influence of the combination of many genes and not the presence of resistance genes. The findings show that some combinations with the gene Ry-f sto may produce higher yields but may also be associated with more tuber defects. However, no negative relationship was observed between the presence of the combined resistance genes H1 + Ry-f sto + Rpi-phu1 and the quality of the potatoes. In conclusion, the early selection for combined resistance to late blight, PVY and nematodes does not adversely impact the agro nomic value of final resistant selections.
All of the clones with and without the identified resistance genes had similar tuber sizes, tuber shape regularity and eye depths. Clones from the progeny II that only includ ed gene Ry-f sto exhibited more tuber defects than the clones without identified resistant genes ( Table 5 ). This relation ship was not observed for clones from progeny III ( Table 6) . Clones from the progeny I that only included gene Rpi-phu1 exhibited less tuber defects than the clones without identi fied resistant genes ( Table 4 ). All other clones with identi fied resistance genes presented similar tuber defects as the clones without identified resistant genes (Tables 4-6 ).
Discussion
Cultivating resistant varieties of potatoes is the most eco nomically effective and environmentally safe method of protecting against pests and diseases that affect potato crops. However, breeding for resistance is not the primary goal of breeding programs, which is breeding for quality. Although the relationship between high levels of various resistance phenotypes and reduced levels of agronomical characteristics has not been previously reported, there is a belief that the accumulation of resistance genes may result in reduced quality. Moreover, introducing high resistance to viruses may cause a reduction in the frequency of seed potato exchange by potato growers, which will ultimately lead to the spread of soilborne pathogens. However, reports have indicated that the demand for resistant varieties has increased among ecological and starch potato growers (Plich et al. 2015) .
Molecular markers can be used to screen large popula tions at early stages of breeding, which increases the effec tiveness of selecting for resistant genotypes (Barone 2004) . Markers for genes that provide resistance to viral diseases and nematodes are recommended for extensive use in potato breeding programs (Asano and Tamiya 2016) . Markerassisted selection (MAS) using PCRbased diagnostic as says was used by Gebhardt et al. (2006) to select clones harboring the resistance genes Ry adg , Gro1, Rx1 and Sen1, which provide resistance to PVY, nematodes, PVX and po tato wart (Synchytrium endobioticum), respectively.
Markers 57R, GP122 and phu6 have been demonstrated as suitable for the selection of clones with genes H1, Ry-f sto and Rpi-phu1, respectively (Flis et al. 2005 , Milczarek et al. 2014 , Śliwka et al. 2013 . Potato clones with various combi nations of resistance genes, i.e., H1 + Ry-f sto , H1 + Rpi-phu1, Ry-f sto + Rpi-phu1 and H1 + Ry-f sto + Rpi-phu1, were select ed via the use of these molecular markers. It is unclear how obligatory selection for resistance may influence a decrease in the agronomic value of selected resistant progeny. This can limit the use of markers in the initial phase of selection due to the concern of rejection of valuable genotypes. In this study, the agronomic traits in clones without identified re sistance genes were compared with the traits observed in clones selected for the presence of identified resistance genes, and the results indicate that a negative relationship
